Agrobacterium tumefaciens R10 was mutagenized by using the promoter probe transposon Tn5-gusA7, and a library of approximately 5,000 transcriptional fusions was screened for octopine-inducible patterns of gene expression. Twenty-one mutants carrying strongly inducible gusA fusions, 20 of which showed defects in the catabolism of octopine or its metabolites, were obtained. One group of mutants could not use octopine as a carbon source, while a second group of mutants could not utilize arginine or ornithine and a third group could not utilize octopine, arginine, ornithine, or proline as a carbon source. Utilization of these compounds as nitrogen sources showed similar but not identical patterns. Fifteen fusions were subcloned together with adjacent DNA. Sequence analysis and further genetic analysis indicated that insertions of the first group are localized in the occ region of the Ti plasmid. Insertions of the second group were localized to a gene encoding ornithine cyclodeaminase. This gene is very similar to, but distinct from, a homolog located on the Ti plasmid. This gene is located immediately downstream from a gene encoding an arginase. Genetic experiments indicated that this arginase gene is essential for octopine and arginine catabolism. Insertions of the third group was localized to a gene whose product is required for degradation of proline. We therefore have identified all steps required for the catabolism of octopine to glutamate.
Both the formation and colonization of crown gall tumors by Agrobacterium tumefaciens require interactions between proteins encoded by the tumor-inducing (Ti) plasmid and proteins encoded elsewhere in the bacterial genome. Several examples of this are found in the early stages of tumorigenesis, when Ti plasmid-encoded Vir proteins interact with chromosomally encoded proteins to activate transcription of other vir genes and to process and transfer fragments of oncogenic DNA to the nuclei of host plant cells (37) . Similarly, catabolism by the bacteria of tumor-released compounds called opines frequently requires pathways that are encoded partly on the Ti plasmid and partly elsewhere (11, 26) . In some cases, particular catabolic functions are encoded by two redundant genes, only one of which is found on the Ti plasmid.
Examples of these interactions are found in the catabolism of octopine and nopaline. Octopine [N 2 -(1-D-carboxyethyl)-Larginine], synthesized in crown gall tumors induced by octopine-type A. tumefaciens strains, is converted to arginine and pyruvate by octopine oxidase, which is encoded by octopinetype Ti plasmids (38) . Similarly, nopaline [N 2 -(1-D-dicarboxypropyl)-L-arginine], synthesized in crown gall tumors induced by the nopaline-type A. tumefaciens strains, is converted to arginine and ␣-ketoglutarate by nopaline oxidase, which is encoded by nopaline-type Ti plasmids (26, 38) . The second step in catabolism of both compounds is the conversion of arginine to ornithine, and the enzyme responsible, arginase, is found in Ti plasmid-less strains (8) and also is encoded by nopaline-type Ti plasmids (30) . However, sequence analysis suggests that arginase activity may not be encoded by octopinetype Ti plasmids (7, 35) . The third step in octopine catabolism is the conversion of ornithine to proline by ornithine cyclodeaminase (8, 11) . This enzyme is encoded on both octopine-type and nopaline-type Ti plasmids (26, 28) . Many Ti plasmid-less strains also express this activity, although Ti plasmid-less derivatives of the widely studied strain C58 do not (8) . The fourth step in catabolism is thought to involve the oxidation of proline to ⌬ 1 -pyrroline-5-carboxylate (P5C) and the further oxidation of P5C to glutamate (8) . This proposed pathway is summarized in Fig. 1 .
The model for octopine catabolism is based on a combination of biochemical and genetic data. Several Ti plasmid-encoded genes involved in this pathway have been identified (26, 28, 38) , but to our knowledge genes located elsewhere have not been described. Identification and disruption of these genes are essential to gain a complete picture of this pathway and would be particularly helpful in identifying functionally redundant enzymes and alternative pathways. For example, although sequence analysis suggests that octopine-type Ti plasmids may not encode an arginase, the presence of such a gene in all tested chromosomal backgrounds of Agrobacterium spp. has made it impossible to establish this point conclusively. Similarly, many bacteria have alternative pathways for arginine catabolism. Some convert arginine via agmatine and putrescine to succinate, while others convert it via citrulline to carbamoyl phosphate, and still others convert it via 2-oxoarginine to succinate (14) . It has not been possible to establish whether such pathways play significant roles in octopine catabolism. A third example involves the fate of ornithine, since the question of whether all ornithine is converted to proline or whether an alternative pathway plays a significant role has been somewhat controversial (8, 27 ).
Here we describe three clusters of genes required for octopine catabolism. These genes were identified by screening for octopine-inducible patterns of gene expression. In this report, we identify the genes isolated by this screen and analyze the phenotypes of mutants with null mutations in them in terms of known or suspected pathways of octopine catabolism. In a future report (5) , we will analyze the transcriptional regulation and genomic location of these genes. conjugation, and transconjugants were selected by using AB minimal agar plates containing 500 g of streptomycin per ml. Since these plasmids cannot replicate in A. tumefaciens, they conferred antibiotic resistance by Campbell-type integration into occR and arcA, respectively, creating gene disruptions.
Nucleotide sequence accession numbers. The arcA, arcB, and putA nucleotide sequences have been deposited in the GenBank DNA sequence database (accession numbers U39262 and U39263).
RESULTS AND DISCUSSION
Identification of genes whose transcription is induced by octopine. This study was initiated to identify genes whose transcription is induced by octopine. In order to screen for these loci, Escherichia coli HB101(pSB504) was used to mutagenize A. tumefaciens R10 with the promoter-probe transposon Tn5-gusA7. pSB504 is a self-transmissible narrow-host-range plasmid that carries Tn5-gusA7 (31) . Conjugal transfer of this plasmid into A. tumefaciens followed by selection for kanamycin resistance selects for transposition of Tn5-gusA7 from pSB504 into a functional A. tumefaciens replicon. We used strain R10 rather than the commonly studied A348 because the Ti plasmid of A348 is conjugation deficient (unpublished data) while the Ti plasmid of R10 is almost identical but is conjugation proficient (6) . Conjugation proficiency was advantageous for genetic studies to be published elsewhere. R10 has the additional advantage of containing an octopine-type Ti plasmid in its native background, while A348 has an octopine-type Ti plasmid and a nopaline-type chromosome.
Kanamycin-resistant transconjugants were selected by using AB medium containing octopine and the chromogenic indicator X-Glu. A total of 4,732 blue colonies were picked and transferred to defined medium containing X-Glu and containing or lacking octopine. From this screen, 26 strains (designated KYC1 to KYC26) that formed blue colonies in the presence of octopine and white colonies in the absence of octopine were isolated. Of these, 21 mutants showed a normal colony morphology, while five mutants were strongly mucoid on defined medium, did not grow in defined broth, formed normal colonies on LB agar, and grew well in LB broth, indicating that they are auxotrophs, a hypothesis confirmed below. The remaining 21 mutants showed greater-than-10-fold induction of ␤-glucuronidase activity by octopine (5) .
Most fusions disrupt catabolism of octopine or its breakdown products. Since we anticipated that some insertions might disrupt genes required for octopine catabolism, each of the 21 octopine-inducible mutants was tested for the ability to utilize octopine or its metabolites as a sole carbon or a sole nitrogen source. These mutants were classified in one of four FIG. 1. Proposed pathway for catabolism of octopine (8) . The ooxA, ooxB, and ocd genes of the Ti plasmid have been previously described (28, 38) , while the arcA, arcB, and putA genes were isolated and characterized in this study. VOL. 178, 1996 OCTOPINE CATABOLISM 1873 (Table 2) . Group A mutants did not grow with octopine as a sole carbon source and grew extremely slowly with octopine as a sole nitrogen source. Group A mutants efficiently utilized arginine, ornithine, proline, and glutamate as sole sources of carbon or nitrogen. Group B mutants did not grow with arginine or ornithine as a sole carbon source and grew very poorly with ornithine as a sole nitrogen source. Group B mutants efficiently utilized octopine, proline, and glutamate as sole carbon or nitrogen sources and efficiently utilized arginine as a sole nitrogen source. Group C mutants did not grow with octopine, arginine, ornithine, or proline as a sole carbon source and did not grow with proline as a sole nitrogen source. Group C mutants efficiently utilized all other tested compounds as nitrogen sources and utilized glutamate as a sole carbon or nitrogen source. The single isolate in group D utilized all the tested compounds as sole carbon or nitrogen sources. The five auxotrophic strains form a fifth group (group E). These results indicate that the Tn5-gusA7 insertions in groups A, B, and C disrupted genes involved in the uptake or degradation of either octopine or its likely metabolites. The fact that most groups were represented by several fusions could be taken to suggest that few, if any, additional genes remain to be found by this screen. However, this conclusion is difficult to reconcile with the fact that the entire tra regulon is octopine inducible and provides a large genetic target (13, 17) . We isolated only one mutant with an insertion in a tra gene (KYC6, the group D strain [see below and reference 12]). Therefore, it should in principle be possible to obtain fusions to tra genes and possibly other genes, although slightly different experimental conditions may be required.
Group A fusions are located in the occ region of pTiR10. All five group A fusions were subcloned by digesting whole cell DNA with EcoRI, shotgun cloning these fragments into the high-copy-number cloning vector pTZ19R, and transforming an E. coli strain to kanamycin resistance. All five group A mutants had insertions localized to an 11.8-kb EcoRI fragment of the Ti plasmid (fragment 8 [see reference 9]), which contains the occ region (13) . Restriction mapping of the resulting plasmids indicated that group A fusions are located in the occ operon (Fig. 2) . Since this operon is known to be directly regulated by the OccR response to octopine (15, 36) , isolation of mutants with fusions to these genes was anticipated. To localize the exact sites of these insertions, the DNA fragments adjacent to the Tn5-gusA7 transposon were sequenced. KYC8, KYC11, KYC16, and KYC17 have insertions in ooxB, occQ, ooxA, and occM, respectively (Table 3 ). KYC26 was indistinguishable from KYC8, indicating that these two mutants are probably siblings.
The positions of these insertions fully explain the inability of these mutants to utilize octopine as a carbon source. The ooxA and ooxB products previously were shown to convert octopine to arginine (38) , although to our knowledge this is the first demonstration that these genes are essential for this step. OccQ and OccM are subunits of an octopine permease (33, 39) . Since octopine strongly induces these fusions (5) , this permease appears not to be essential for octopine uptake, and an alternative uptake system has been described (18) . The inability of these strains to utilize octopine may be attributable to a decreased efficiency of octopine uptake. Additionally, these insertions probably exert strong polar effects upon downstream ooxA and ooxB genes, which are expressed from the occQ promoter (35) .
A group B fusion is located in a gene encoding ornithine cyclodeaminase. As described above, group B mutants cannot utilize arginine or ornithine as a carbon source and use ornithine poorly as a nitrogen source. These results suggest that group B fusions might disrupt genes involved in arginine and ornithine catabolism. Genetic experiments indicate that group B fusions are not located on the Ti plasmid (5). The Tn5-gusA7 insertions of strains KYC3 and KYC14 were cloned into the cloning vector pTZ19R along with flanking DNA as described above. EcoRI fragments of 12.1 kb were recovered from both strains (Fig. 2) . DNA sequencing revealed that KYC3 and KYC14 probably are siblings and have Tn5-gusA7 insertions at identical positions within a 351-codon open reading frame (ORF) ( Table 3 ). This ORF, designated arcB (for arginine catabolism), encodes a protein that is closely related to the Ocd proteins of pTiAch5 (78% identity [Fig. 3B] ) and of pTiC58 (73% identity). The ocd genes of both Ti plasmids encode ornithine cyclodeaminase, which converts ornithine to proline. Few aerobic bacteria have been demonstrated to have this enzymatic activity (8, 11, 32) . Strain R10 was previously described as having two ornithine cyclodeaminase activities, one of which is Ti plasmid encoded and octopine inducible and the other of which is encoded on the chromosome and is inducible by arginine (8) . Consistent with that study, arcB is induced by arginine and ornithine (5) . Group B mutants therefore utilize octopine by inducing ocd, while they cannot utilize arginine or ornithine because neither compound induces ocd and arcB is disrupted by the transposon. This predicts that expression of ocd should restore arginine and ornithine catabolism to these mutants. To test this, we used pKY135 to mutagenize the occR gene of strain KYC3 (creating KYC1203) and then introduced pKY145, which expresses the constitutive occRG23E allele of occR. KCY1203(pKY145) efficiently utilized arginine and ornithine as sole carbon sources. In contrast, KYC1203(pKY144), a near-isogenic strain expressing the wild- (Table 4 ). Previous reports have described an alternative pathway for ornithine degradation in A. tumefaciens involving an ornithine transaminase that converts ornithine to P5C (8, 34) . This enzyme is expressed at low levels and is not inducible. The limited ability of group B mutants to utilize ornithine as a nitrogen source could be due to this activity, to basal-level expression of ocd, or to both.
An arginase gene is located at a position adjacent to the group B fusion. Directly upstream of arcB we identified a 306-codon ORF, designated arcA, that shows strong sequence similarity to the arc gene of the nopaline-type Ti plasmid pTiC58 (69% identical at the amino acid level [Fig. 3A] ). Sequence analysis indicates that the stop codon of arcA is located 13 nucleotides upstream of the probable start codon of arcB, suggesting that the two genes may be expressed as a single operon. Arginase converts arginine to ornithine and urea and was thought (but not proven) to provide an essential step in the catabolism of octopine and nopaline.
None of the 26 mutants with octopine-inducible fusions was phenotypically deficient in arginase activity (that is, unable to utilize arginine as a nitrogen source). To determine whether arcA is required for octopine catabolism, we constructed an arcA null mutant by Campbell-type mutagenesis. Plasmid pKY198, which carries a 461-bp internal DNA fragment of arcA and does not replicate in R10, was used to mutagenize arcA. It is probable that this mutation exerts polar effects on arcB. However, arcB is dispensable for octopine utilization (because of the isofunctional ocd product encoded by the Ti plasmid [see above]). KYC61, which contains the arcA:: pKY198 mutation, failed to grow in AB broth lacking glucose and containing 800 g of octopine per ml as a sole carbon source, even after prolonged incubation (Table 4 ). This result confirms the hypothesis that arginase provides an essential step in octopine breakdown and also indicates that arcA encodes the only functional arginase in strain R10.
The arcA mutation also completely blocked the utilization of octopine as a sole nitrogen source (Table 4 ). In contrast, ooxA and ooxB mutants retained a limited ability to utilize octopine as a source of nitrogen ( Table 2 ). The reason for this phenomenon is not known, although it has been observed before (10a) . The fact that the arcA mutant is completely blocked in utilizing 
a DNA sequences duplicated by the insertion of Tn5-gusA7 are underlined. (28); (C) PutA of A. tumefaciens R10 was aligned with PutA of S. typhimurium (1) . Alignments were performed by using the GAP algorithm of the Genetics Computer Group DNA sequence analysis software package (24) . octopine as a nitrogen source, while oox mutants are not, suggests that arginase may be able to inefficiently utilize octopine as a substrate. However, one report indicates that arginase is not able to detectably degrade octopine in vitro (30) . Perhaps octopine breakdown by arginase in vitro is too inefficient to be detected biochemically, while its activity in vivo is sufficient to support slow cell growth. A second possibility is that our preparation of octopine contained traces of arginine.
Both the arcA mutation and the arcB mutation were complemented by pKY200, which carries arcA and arcB ( Table 4 ), indicating that the phenotypes of mutants with these mutations are not due to polar effects on any gene downstream of arcB. pKY200 also complemented the catabolic defects of all other group B strains, strongly suggesting that all of these strains carry a Tn5-gusA7 insertion in this locus. The fact that all group B strains utilize octopine as a sole carbon source strongly suggests that the insertions in all these mutants lie in arcB rather than in arcA.
All tested strains of A. tumefaciens encode an arginase activity (10), although among other bacteria, only Bacillus subtilis, Bacillus licheniformis, and Proteus vulgaris are known to have such an enzyme (14) . Strain C58 has two such enzymes, one of which is encoded by a gene, designated arc, located between noxA and ocd in the noc region of the Ti plasmid (30) and the other of which is located on the chromosome. C58 does not contain a chromosomally encoded Ocd activity (8). As described above, our data indicate that pTiR10 does not encode an arginase activity. However, between ooxA and ocd there is a 65-codon sequence that is 58% identical to the amino terminus of the product of the pTiC58 arc gene (29) . This genetic ''scar,'' which also contains one frameshift mutation, is located in exactly the same position as is the arc gene of the nopaline-type Ti plasmid. This suggests that an ancestor of pTiR10 may have encoded an arginase and that this gene was lost during evolution.
The discovery of the arcB gene explains why R10 can grow on arginine or ornithine as a sole carbon source without induction by octopine. In contrast, C58, which has only the Ti plasmid-associated ornithine cyclodeaminase gene, cannot grow on arginine or ornithine as a sole carbon source unless that gene is induced by nopaline. It is difficult to rationalize why R10 has two homologous genes while C58 has only one. It is equally difficult to rationalize why R10 has only one arginase activity (encoded by arcA) while C58 has two genes (arc on the Ti plasmid and an uncharacterized gene elsewhere).
Group C fusions are located in a gene encoding proline dehydrogenase. As described above, group C mutants cannot utilize octopine, arginine, ornithine, or proline as a sole carbon source and cannot utilize proline as a nitrogen source. Genetic experiments indicate that group C fusions, like group B fusions, are not located on the Ti plasmid (5) . We cloned the Tn5-gusA7 insertions from four group C mutants. The insertions in KYC15 and KYC18 were cloned as 9.8-kb EcoRI fragments, generating pKY171 and pKY169, respectively (Fig.  2) . Portions of the insertions of KYC7 and KYC25 were subcloned as BglII-EcoRI fragments, creating pKY151 and pKY166, respectively (Fig. 2) . DNA sequencing revealed that all four insertions are localized in a single 1,228-codon ORF. The predicted product of this ORF is 59% identical to the proline dehydrogenase (PutA) proteins of Salmonella typhimurium ( Fig. 3C ) (see reference 1) and E. coli (20) . The product of this ORF is 92 codons shorter than enteric PutA proteins and, in particular, lacks 58 amino acids that are found at the amino termini of the enteric enzymes (Fig. 3C) . The defects in octopine catabolism of all group C mutants were fully complemented by pKY175, which carries only this ORF (Table 4) .
The PutA protein of enteric bacteria has two enzymatic activities: proline dehydrogenase, which converts proline to P5C, and P5C dehydrogenase, which converts P5C to glutamate (21, 22) . Transposon insertions in the S. typhimurium putA gene invariably destroy both activities (22) . The phenotypes of strains with group C fusions are readily explained by similar deficiencies in proline catabolism. First, such a deficiency would prevent the use of proline either as a carbon or as a nitrogen source. Second, a PutA deficiency would not prevent the use of octopine, arginine, or ornithine as a nitrogen source, since all three compounds release ammonium during conversion to proline. Third, a PutA deficiency should prevent utilization of arginine and ornithine as carbon sources, since carbon is not released during the conversion of these compounds to proline. It is somewhat more difficult to understand how a PutA deficiency would abolish utilization of octopine as a carbon source, since carbon is released (as pyruvate) during the conversion of octopine to arginine and R10 strains can utilize pyruvate as a carbon source (Table 2) . Perhaps one or more metabolic intermediates cause feedback inhibition of octopine oxidase to levels insufficient to provide a carbon source but still sufficient to provide a nitrogen source. On the whole, these data strongly implicate this ORF in proline catabolism, and we therefore designate this gene putA.
Analysis of the DNA on either side of putA indicates that it is expressed as a monocistronic operon. First, upstream of the probable putA start codon is a 175-nucleotide intergenic region, ending with the probable start codon of a divergent ORF homologous to the lrp gene of enteric organisms (5) . Ten nucleotides downstream of the putA stop codon is a dyad symmetrical sequence with 11 nucleotide repeats, which could serve as a transcriptional termination site. Further downstream are several convergently transcribed ORFs whose products resemble ABC-type transport systems (data not shown).
A group D fusion is located in a gene regulated by TraR. The sole representative of group D is KYC6, whose insertion is localized in the traM gene of the Ti plasmid. As described elsewhere, traM expression requires the TraR protein and the autoinducer 3-oxo-octanoyl homoserine lactone (12) . The pool 
a KYC3 has a Tn5-gusA insertion at arcB. KYC7 has a Tn5-gusA insertion at putA. KYC1203 has a Campbell-type insertion of pKY135 at occR. pKY144 carries the wild-type occR allele. pKY145 carries the constitutive occRE23G allele. KYC61 has a Campbell-type insertion of pKY198 at arcA. pKY175 carries a DNA fragment encoding only the putA gene. pKY200 carries a DNA fragment encoding only the arcAB operon.
b ϩϩϩ, cultures very turbid within 3 days; Ϫ, turbidity not detected after 5 days. With glutamate, both as a sole carbon source and as a sole nitrogen source, the result for all strains was ϩϩϩ.
sizes of TraR and this autoinducer are elevated by octopine (13) , accounting for the induction of traM by octopine. As stated above, we do not understand why fusions to other TraRregulated genes were not isolated.
Group E fusions are located in a gene that directs cysteine biosynthesis. Three group E fusions were subcloned as EcoRI fragments (Fig. 2) and partially sequenced. These insertions disrupt a gene that is strongly homologous to the cysD gene of E. coli (Fig. 4) , which is required for cysteine biosynthesis (19) . We also sequenced a fragment of DNA approximately 1.7 kb downstream of these insertions and found equally strong sequence similarity to the E. coli cysN gene (Fig. 4) . As described above, group E strains form mucoid colonies on defined medium and do not grow in defined broth. However, all five group E strains grew normally in a defined medium supplemented with cysteine, indicating that this cysD homolog is required for cysteine biosynthesis. Growth of these strains on defined solid medium lacking cysteine indicates that this medium contains trace levels of this amino acid. Mucoid colony morphologies have been previously observed to occur in response to phosphate starvation (unpublished observations) and may be a general starvation response. Strangely, group E fusions are not inducible by octopine in broth culture, although they are induced by cysteine limitation (5). We therefore do not understand why group E fusions were isolated in this screen.
Conclusions. It has long been appreciated that Ti plasmids contain at least some of the genes required to degrade cognate opines, and in recent years, these genes have been subcloned and analyzed (26, 28, 38) . It also has become clear, primarily from biochemical studies, that Ti plasmids do not necessarily carry all the necessary genes for complete catabolism and that essential (or sometimes redundant) enzymes are encoded elsewhere in the genome (6, 8) . We have proven that the ooxA and ooxB genes encode a functionally nonredundant step in octopine breakdown, since mutations in these genes prevent octopine catabolism. We also identified a functionally nonredundant arcA gene, whose product converts arginine to ornithine, and a functionally redundant arcB gene, whose product converts ornithine to proline. Although the product of the arcB gene carries out the same reaction as does the Ti plasmidencoded ocd gene, it plays a crucial role for catabolism of arginine and ornithine, since ocd is not induced by these compounds. We will show elsewhere that ocd and arcB are differentially regulated, confirming an earlier report that strain R10 has two differentially regulated ornithine cyclodeaminase activities (8) . We have also identified a gene essential for proline catabolism, and sequence analysis strongly suggests that the product of this gene converts proline via P5C to glutamate. We have therefore provided a relatively complete description of the genes required for the catabolism of octopine, although genetic studies of urea metabolism remain to be carried out.
